Abstract. We present infrared and visible transient absorption measurements of the first excited singlet state (S 1 and S 1/ICT ) of peridinin in methanol, isopropanol, and chloroform solution following one-photon excitation, using 490 nm light, to excite the S 2 state that populates S 1 via rapid (~50 fs in methanol) internal conversion. This technique enables the study of subsequent structural dynamics in S 1 involved in the formation of the charge transfer state. The S 1 lifetime of peridinin in methanol, isopropanol, and chloroform is found to be 12, 54, and 65 ps, respectively, as determined by infrared transient absorption. We observe two formation timescales in the S 1 state. We attribute the shortest timescale to relaxation following internal conversion and the longer timescale to formation of the S 1/ICT state.
1
and light-harvesting; 2 they also play an important role in plants by quenching triplet states and radicals. 3 Peridinin, whose structure is shown in Fig. 1 , is an unusual carotenoid, unique in nature as being the only known carotenoid to incorporate three rings into its structure, including one lactone ring connected to the conjugated polyene backbone, as well as allene, epoxide, and carbonyl groups. Peridinin's role in the light harvesting complex peridinin-chlorophyll-protein (PCP) is essential to the survival of many dinoflagellates. 4 When the crystal structure of PCP was determined by Hofmann et al., 4 PCP was found to possess a trimeric structure, with each monomer containing two chlorophylls, each of which is surrounded by four peridinin molecules. As with most carotenoids, the electronic energy levels can be envisioned to have symmetry corresponding to the idealized C 2h point group; that is, the S 0 , S 1 , and S 2 energy levels belong to the irreducible representations of A g , A g , and B u , respectively. These states possess transition selection rules, such that only transitions between A and B, and between g and u are one-photon allowed. Because of its deviation from the idealized point group, however, relatively strong fluorescence can be measured from the S 1 state, 5 and an extremely long lifetime (for a carotenoid S 1 state), 103 ps, was measured for this state in CS 2 . 6 This lifetime depends strongly on the polarity of the solvent, 7-10 which Frank et al. 9 attribute to the existence of an intramolecular charge transfer (ICT) state that strongly couples to the S 1 state, and can be envisioned simply as a conformationally different structure in S 1 . In polar solvents this state appears below the S 1 state, while in nonpolar solvents the order of these two states is reversed, as demonstrated in the potential energy scheme proposed by Zigmantas et al. 10 This scheme is similar to the one shown in Fig. 2 where an increase in solvent polarity causes the stabilization of one section on the potential energy landscape of S 1 . Vaswani et al. 11 substantiate these findings using a dipole in a sphere model, demonstrating that the ICT-like state is more highly stabilized in polar solvents. Using electron attachment/detachment 12 they also show that the electrons are rearranged in the ICT state, moving density from the ethylene backbone to the epoxide-containing ring. As such, this would label modes and allow us to identify those involved in the S 1/ICT formation using the vibrational technique described below.
ExpErImEntAl

Sample Preparation
Peridinin was purified from washed thylakoids of Amphidinium carterae (CS-21). Thylakoids were suspended in an aqueous solution of 25 mM Tricine in 10 mM KCl at pH 7.6 and subsequently mixed 75% v/v with solvent B (50% methanol:50% acetonitrile). Protein and membrane fragments were removed by centrifugation at 32 000g at 4 °C for 20 min. The supernatant was applied to a Strata C18-E column (Phenomenex 8B-S001-HCH) and washed with 75% solvent B until all the chlorophyll c and minor carotenoid degradation products had been removed. Solvent B was increased to 92% and peridinin was eluted, followed by diadinoxanthin. The fraction corresponding to the central part of the peridinin peak was evaporated in a gentle stream of nitrogen. Peridinin quantity was determined in ethanol using an E (mL ⋅ mg -1 ) of 132.5. Diadinoxanthin contamination of the peridinin was found by HPLC separation 10 to be minimal and would not contribute to our signal, as its absorption band is at a much higher frequency than peridinin. Peridinin was dissolved in normal (Sigma HPLC grade) and fully deuterated (Cambridge Isotopes Laboratories Inc.) methanol and isopropanol to give an optical density of 1 in a 500-µm path length cell when measured at 490 nm.
Experimental Apparatus
The output of a Femtosource Compact Pro Ti:Sapphire oscillator (Femtolasers Produktions, GmbH) was amplified at 1 kHz by means of a home-built regenerative amplifier to produce 40-fs pulses of ~400 µJ centered at 800 nm. The resulting beam is then split; one half is sent into a mid-infrared (mid-IR) optical parametric amplifier (OPA) 13, 14 composed of a twopass β-barium borate (BBO) near-infrared OPA followed by independent time synchronization, focusing, and difference frequency generation in a AgGaS 2 crystal. The OPA produces a mid-IR pulse of approximately 100 fs with 2 µJ of tunable energy between 3000 cm -1 and 1300 cm -1 . The remainder of the amplifier pulse is sent to a near-infrared OPA (Quantronix TOPAS) producing 60-fs pulses of ~18 µJ (combined power of the signal and idler beams at 1275-nm signal beam) per pulse. For one-photon excitation (1PE) to the S 2 state of peridinin, 500-nm light is produced by mixing the TOPAS output with the residual 800-nm pump light in a 1.0-mm type-I BBO crystal and compressing with a prism pair, producing a 60-80 fs 0.8 µJ pulse. Although the induced signal was inadequate to retrieve accurate lifetime information, we located the S 1 state by means of two-photon excitation to be at ~16100 cm -1 , in agreement with Zigmantas et al. 10 The mid-IR beam was focused using a 15-cm off-axis parabolic mirror into a 500-µm path length calcium fluoride flow cell. The IR beams (signal and reference) were measured with a 2 ´ 32 element HgCdTe array detector (Infrared Associates/Infrared Systems Development Corp.) attached to a nitrogen-purged imaging spectrometer (HORIBA Jobin Yvon, Triax 190) with gold-coated optics. The pump beam was focused independently, using flat aluminum mirrors and a fused silica lens adjusted to optimize the size of the excitation and probing beam waist (~150-200 µm focal spot size in the mid-IR). With this apparatus we have the ability to record mid-IR spectra at a resolution of 3 cm -1 in the ~1400 cm -1 fingerprint region, with resolution increasing linearly to 10 cm -1 at 2800 cm -1
, depending only on the grating used, collecting from ~100 cm -1 to ~320 cm -1 at a time. The experiments performed involve one-photon excitation to the S 2 state, followed by a vibrational probe of the excited state dynamics using the described apparatus. This scheme allows us to monitor the optically induced vibrational changes and detect intermediates that form upon relaxation to either photoproducts or directly to the ground state.
rEsults
Figure 1(A) shows the crystal structure of the cofactor components of PCP (A), (protein database identifier 1PPR), showing the trimeric structure of the protein chlorophylls. The molecular structure of free peridinin is shown in Fig. 1(B) . Figure 2 displays the proposed potential energy diagram. This diagram is similar to the scheme proposed by Zigmantas et al., 15 in which the S 1/ICT state is stabilized and lowered in energy in more polar solvents. Figure 3(A) shows the visible absorption of peridinin in n-hexane, 2-propanol, and methanol. The loss of vibronic structure upon increasing polarity is a common occurrence in carotenoids that possess carbonyl groups and ICT character in the excited state. 16 In peridinin the visible absorption (due to the S 0 -S 2 transition) takes on an asymmetrically broadened character, especially in solvents capable of forming hydrogen bonds with the carbonyl groups. 15 The formation of hydrogen bonds helps to stabilize the charge transfer character of the electronic state.
7,9,10,15-17 Figure 3 (B) displays the vibrational spectrum of peridinin calculated using Q-Chem 2.1 18 HF 3-21g basis set, and scaled by the appropriate factor (0.9085). 19 The ). Figure 4 displays surface plots of transient IR spectra of peridinin dissolved in either h4-methanol or d4-methanol, with regions of strong solvent absorption omitted. In order to emphasize the infrared absorptions, frequency slices taken at several different time delays are displayed in Fig. 5 . Our time resolution (~150 fs) does not allow us to observe internal conversion from S 2 to S 1 , reported to occur in 56 fs when the rise of the S 1 -S n excited state absorption is probed. 15 Infrared absorptions appear at 1550, 1642, 1728, and 1860 cm -1 , and a very broad absorption spans the region between 2000 to 2300 cm -1 . The kinetics of these bands are collected in Table 1 ; the data were fit by convolving our instrument response function with either two or three exponential decays. The vibrational features that appear can be collected into two groups based on the presence, or lack, of a measurable rise component. The first group of bands, at 1550, 1642, and 2300 cm -1 , all rise with a timescale of 0.2 to 1.6 ps. While the 1550 and 1642 cm -1 bands decay with a 12 ps timescale in d4-methanol, the 2300 cm -1 band decays with a timescale of 9 ps in h4-methanol. In the other group of absorption bands, at 1728 and 1860 cm -1 , we were unable to resolve any negative amplitude. The 1728 cm -1 absorption decays with 7.7 and 15.1 ps timescales, and the 1860 cm -1 absorption has 0.7 and 10.3 ps lifetimes. ; the solvent absorption of d8-isopropanol allows us to collect an additional region around 2900 cm -1 for comparison to the 2440 cm -1 band in h8-isopropanol. As in the methanol, the vibrational bands in isopropanol can be categorized according to their rise times. A group that includes the 1540, 1720, and >2000 cm -1 bands all have a two-component rise with timescales of ~0.2 and ~3.2 ps, as shown in Table 1 . The vibration at 1624 cm -1 has a two-component rise of 1.5 and 8.3 ps, and the band at 1861 cm -1 has a single component rise of 0.14 ps. The bands all decay on the same timescale in d8-isopropanol, ~54 ps, and the broad absorption lifetime in h8-isopropanol is approximately 7 ps shorter, fitting to 47 ps, which is likely due to the deuterium isotope affecting the coupling of solvent and solute molecules.
Figures 8 and 9 display the surface plot and frequency slices for peridinin in chloroform. In this much-lesspolar solvent, peridinin exhibits several different behaviors than in methanol and isopropanol. One significant difference is that peridinin is not nearly as stable in chloroform as in the alcohol solvents. While no changes in absorption shape were found during our experiments in methanol and isopropanol, long scans in chloroform were not possible due to significant degradation of the peridinin sample (as monitored by UV/Vis absorption). The samples were refreshed as soon as degradation was observed to avoid contributions from the photodegraded products. Absorption features similar to those in the alcohols are found in chloroform, most notably induced absorptions at 1442, 1479, 1532, 1630-1650, Exponential fit parameters of all prominent induced absorption features for peridinin dissolved in methanol, isopropanol, and chloroform. All amplitudes (a) are in units of mOD and timescales (τ) are in ps. 1732, and 2930 cm -1 . While the most intense feature in the alcohols was the ~1630 cm -1 absorption, the ~1510 cm -1 band in chloroform is the most intense, and no broad absorption appears above 2000 cm -1 . The band at ~1645 cm , in addition to simply decaying, red shifts in center frequency by approximately 15 cm -1 to a terminal value of 1630 cm -1 . To extract the contributions from shifting and pure intensity dynamics, the surface from 1590 to 1675 cm -1 was fit with a Gaussian function that was allowed to shift in frequency. We found that the band shifts with a timescale of 5.4 ps, and is likely due in some part to intramolecular vibrational redistribution or vibrational cooling to a much less stabilized S 1/ICT state. The fact that we observed features in the chloroform spectra similar to those seen in alcohol solution is likely due to the fact that while nonpolar, chloroform still has the ability to form hydrogen bonds with the carbonyl moiety of peridinin, allowing for some small contribu- tion to ICT formation similar to that found in the more polar alcohols.
dIscussIon
No large time-dependent frequency shifts were observed for any modes in the spectral range studied for polar alcohols (1450-2500 cm -1 ), in contrast to our earlier study of the dye DCM, which is expected to form a charge transfer state on the S 1 excited-state surface. 14 We first discuss the data in alcohol solutions. In DCM, substantial spectral shifts occurring on timescales similar to solvation timescales were observed for specific modes. In alcohol solution of peridinin, we saw solvent-dependent rise times for a number of modes, and as Table 1 and the inset of Fig. 7 clearly show, the timescale of the rises varies for different modes. The contribution of a perturbed free induction component before the main signal rise 21 makes the determination of the precise amplitudes of the rise and decay components difficult, but for each of the entries in Table 1 , the rise components can be satisfactorily fit with a total amplitude equal to that of the decaying component. The rises can be divided into two groups (see Table 1 ). Group (a) has modes at 1550 and 1642 cm -1 (d4-MeOH), 1540, 1720, and 2900 cm -1 (d8-isopropanol), and 2440 cm -1 (h8-isopropanol). These modes show a resolvable and solvent-dependent rise time of ~1.3 ps in MeOH and ~3.2 ps in isopropanol. The propanol data also show a rapid (~0.2 ps) rise of larger amplitude than the slower rise component. Group (b) has modes at 1728 cm -1 , 1860, and 2300 cm -1 (MeOH) and 1861 cm -1 (d8-isopropanol), for which either we do not detect a rise or only a rapid rise is found.
In propanol solution, we interpret the rapid rise to relaxation following internal conversion from S 2 to S 1 , and the slower (~3.2 ps) rise to (solvent-controlled) formation of the ICT state on the S 1 state. The amplitude of the 3.2 ps rise is significantly less than the fast rise. There seem to be two possible straightforward explanations for these findings: (1) both locally excited (A g -like, LE) and intramolecular charge transfer (ICT) regions of the potential surface are accessed via internal conversion from S 1 , and there follows (solvent-dependent) equilibration between S 1 and ICT (since only a single decay lifetime is observed for all modes); or (2) the state formed after S 2 internal conversion corresponds to a single region of the potential surface, and the amount of charge transfer character increases slightly as solvation proceeds subsequent to the electronic relaxation from S 2 . In either case, it is surprising that the central CH 2 stretches, as well as lactone and acetal bands, show rather minimal responses to charge transfer on the S 1 state. In other words, the structure of the ICT state seems to be far more similar to the ground and LE states than has previously been considered. Two-stage rises are also observed in chloroform solution (Table 1) and the 1732 cm -1 bands. The overall lifetime (~65 ps) is a little longer than that in d8-isopropanol, implying a slightly smaller degree of charge transfer, but overall, the behavior in chloroform is rather similar to the other two solvents.
conclusIons
Peridinin is a most unusual member of the carotenoid family. The degree of charge transfer in the excited state has been postulated to increase with increasing solvent polarity, [10] [11] [12] [13] [14] [15] although the precise nature of the S 1 surface is not yet clear. In the study presented here, surprisingly small changes in the skeletal stretching region of the IR spectrum and in the modes associated with carbonyl moieties are found, suggesting rather smaller electronic and conformational changes associated with charge transfer than had previously been thought. Calculations of dynamically evolving excited state vibrational spectra are just beginning to be contemplated 22 and, in combination with the type of experiments described here, will greatly advance our understanding of the terrain of excited molecules as complex as peridinin.
